Reporter genes are widely applied in biotechnology and biomedical research owning to their easy observation and lack of toxicity. Taking advantage of the reporter genes in conjunction with imaging technologies, a large number of reporter mouse models have been generated. Reporter mouse models provide systems that enable the studies of live cell imaging, cell lineage tracing, immunological research and cancers etc. in vivo. In this review, we describe the types of different reporter genes and reporter mouse models including, random reporter strains, Cre reporter strains and ROSA26 reporter strains. Collectively, these reporter mouse models have broadened scientific inquires and provided potential strategies for generation of novel reporter animal models with enhanced capabilities.
| INTRODUCTION
Reporter genes refer to certain genes that encode proteins that can be easily distinguished from a background of endogenous proteins. 1 Generally, reporter genes are chosen based on the sensitivity, dynamic range, convenience, and reliability of their assay. [2] [3] [4] Reporter proteins can be classified into two categories: nonfluorescent CRISPR/Cas9). [5] [6] [7] In addition, the conditional reporter animal strains were also developed. In particular, the Cre/loxp system is one of the most commonly use system for generation of conditional reporter animal strains. In the conditional Cre/loxp reporter system, the first reporter gene is flanked by two loxp sites facing the same direction, followed by the second reporter gene. 8 In this system, the first reporter gene can be expressed before Cre-mediated excision, while the second reporter gene can only be expressed after Cre-mediated excision. Here, we summarized the two categories of reporter genes, mouse random reporter strains, mouse Cre reporter strains and ROSA26 reporter strains.
Chloramphenicol acetyltransferase (CAT) and lacZ gene are commonly employed as nonfluorescent reporter genes. CAT is a bacterial enzyme and the first reporter gene which was used to monitor transcriptional activity in cells. 3 Chloramphenicol, an inhibitor of prokaryotic protein synthesis, can be detoxified by CAT through catalyzing the transfer of acetyl groups from acetyl CoA to the 3ʹ-hydroxylposition of chloramphenicol. The advantage of CAT is its stability and lack of endogeneous expression in mammalian cells. 9, 10 An automated ELISA can facilitate CAT application; however, the sensitivity of this assay is still not as high as for other reporters. 3, 11 The lacZ gene, which encodes a well-characterized bacterial b-galactosidase has been the most commonly used reporter gene in molecular biology studies. 12 b-Galactosidase catalyzes the hydrolysis of X-Gal converting it to a blue product, which can be easily visualized.
Therefore, it has the advantage over CAT because the assays tend to be simple.
| Fluorescent reporter genes
Fluorescent reporter genes are used as a tool for biological imaging.
The frequently-used fluorescent reporter genes are green fluorescent protein (GFP) and red fluorescent protein (RFP GFP and its variants were also applied in other species such as pig. 21, 22 The emission spectra of GFP variants (YFP and CFP) are very close and it is difficult to visually differentiate between them with readily available imaging systems. 23 In addition, a double reporter system is often required to establish reporter strains; therefore, easily identifiable, spectrally distinct colors, such as red, had to be developed. Over the past few years, a number of RFPs that emit orange, red and far-red fluorescence have been discovered from anthozoans (corals), and are available for a wide range of biological applications. 16, 24, 25 The first RFP isolated from Discocoma sp. was DsRed1. 26 Hadjantonakis et al 27 tried to generate a DsRed1 transgenic mouse but failed to establish this line, which indicated that DsRed1 was not developmentally neutral or that constitutive transgene expression may not be sustained. Because DsRed1 has slow maturation times and poor solubility, improvements were made for DsRed1 to generate the mutant DsRed S197Y. 28 DsRed S197Y is brighter and essentially free from the secondary fluorescence peak, which makes it an ideal reporter for double labeling with GFP. A further improved DsRed variant, DsRed.T3, was produced through random mutagenesis. 29 (mRFP1), which was later used for examining the expression of native mRFP1 in ES cells and its germline transmission. 32 They found that mRFP1 expression in a wide range of tissues is compatible with normal development and fertility in mRFP1 transgenic mice. Now, many monomeric RFPs improved from DsRed or other fluorescent proteins are available and are also widely applied in biology 16 and transgenic reporter strains. Two examples are monomeric cherry (mCherry) and tandem dimer Tomato (tdTomato). mCherry, which is brighter, matures faster, and has higher photostability than mRFP1, has been already used to generate ubiquitous mCherry transgenic reporter lines. [33] [34] [35] [36] [37] tdTomato exhibits a short maturation time, greater brightness and folds equivalenty to a monomer, which may minimize toxicity when used in transgenic reporter strains. 38 Latterly, Auldridge et al 39 reported a versatile novel yellow fluorescent protein (LucY), which may also be used in transgenic reporter mouse models generation.
| RANDOM REPORTER STRAINS
A series of reporter mice have been generated by random transgenesis. Exogenous DNA with a promoter-cDNA cassette is either introduced into mouse ES cells via transfection or micro-injected directly into zygotes. 27, 40 Choosing an appropriate promoter is one of the crucial factors for the successful random transgenesis. The most commonly used promoter for ubiquitous expression of a transgene is the CAG promoter. 41 However, some studies showed that the CAG promoter might cause non-ubiquitous or sometimes even silencing effects on expression of transgenes. 42, 43 Other promoters, such as the human ubiquitin C (UBC) promoter 34, 44 and the ROSA26 promoter, 45 are also used for inducing widespread expression of transgenes. Since both UBC and the ROSA26 promoter are derived from endogenous genes, their expression efficiency is lower than the CAG promoter. 46 Nevertheless, the recent reports demonstrate that the UBC promoter and ROSA26 promoters with genomic insulators show a more ubiquitous expression of the transgene than the CAG promoter. 54 Moreover, the inserted gene can also be subject to genesilencing effects in later offspring. 55 Secondly, it is not easy to choose a suitable reporter mouse line owning to differences between laboratories in settings and reporter mice assessment standards. 56 Furthermore, reporter mice that show high expression of the fluorescent reporter are often infertile or not viable. 57 In order to overcome these issues, the ubiquitously expressed ROSA26 locus was used to generate genetically modified reporter strains. ROSA26 transcripts 1 and 2 both contain 2 exons and 1 intron, while transcripts 3 is tail-to-tail overlapping (3ʹ to 3ʹ) with the THUMPD3 gene exon 3 ( Figure 1) . The mouse ROSA26 locus shows ubiquitous transcriptional activity but loss of this gene is not lethal. 58 The ubiquitous transcriptional activity of this locus indicates that the genomic region is not affected by chromatin configurations which may cause transcriptional repression of exogenous transgenes. Therefore, this locus is widely used as a permissive site for targeted placement of transgenes in mice, 60,61 with no effect on animal viability or fertility.
In mice, transgenes have been introduced into the XbaI site in the first intron of the ROSA26 forward transcript where the presence of a splice acceptor allows the transgene expression to be driven by the ubiquitously expressed endogenous promoter. 46 
| ROSA26 reporter strains
Through homologous recombination in ES cells, a series of reporter genes have been inserted into the Rosa26 locus to generate reporter mouse lines with precisely designed genome modifications ( Figure 2 ). Rosa26 locus. 60 Thus, a reporter mouse line for monitoring Cre recombinase activity at the Rosa26 locus at desired time points was successfully established. However, the endogenous ROSA26 promoter is weaker than exogenous artificial promoters such as CAG promoter, 46,61 resulting in hardly detectable reporter signals in tissues and cells. Therefore, the CAG promoter is often used in knockin reporter lines in order to enhance expression activity at the ROSA26 locus (Figure 1) . [64] [65] [66] The CAG promoter was shown to yield approximately 8-to 10-fold higher expression levels compared to the endogenous ROSA26 promoter. 46 A series of reporter genes driven by the CAG promoter were targeted into the mouse Rosa26 
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